ABSTRACT: Urbanization can lead to accelerated stream channel erosion, especially in areas experiencing rapid population growth, unregulated urban development on erodible soils, and variable enforcement of environmental regulations. A combination of field surveys and Structure-from-Motion (SfM) photogrammetry techniques was used to document spatial patterns in stream channel geometry in a rapidly urbanizing watershed, Los Laureles Canyon (LLCW), in Tijuana, Mexico. Ground-based SfM photogrammetry was used to map channel dimensions with 1 to 2 cm vertical mean error for four stream reaches (100-300 m long) that were highly variable and difficult to survey with a differential GPS. Regional channel geometry curves for LLCW had statistically larger slopes and intercepts compared with regional curves developed for comparable, undisturbed reference channels. Cross-sectional areas of channels downstream of hardpoints, such as concrete reaches or culverts, were up to 64 times greater than reference channels, with enlargement persisting, in some cases, up to 230 m downstream. Percentage impervious cover was not a good predictor of channel enlargement. Proximity to upstream hardpoint, and lack of riparian and bank vegetation paired with highly erodible bed and bank materials may account for the instability of the highly enlarged and unstable cross-sections. Channel erosion due to urbanization accounts for approximately 25-40% of the total sediment budget for the watershed, and channel erosion downstream of hardpoints accounts for one-third of all channel erosion. Channels downstream of hardpoints should be stabilized to prevent increased inputs of sediment to the Tijuana Estuary and local hazards near the structures, especially in areas with urban settlements near the stream channel.
Introduction
Following urbanization and an increase in impervious cover, watersheds typically experience an increase in total and peak runoff and a decrease in hillslope sediment supply, resulting in stream channel erosion (Wolman, 1967; Hammer, 1972; Trimble, 1997; Hawley and Bledsoe, 2011) . Channel erosion can lead to physical damage to the stream channel, mobilization of excess sediment, and ecological harm to aquatic ecosystems and downstream habitats (Trimble, 1997; Walsh et al., 2016) . Unstable channels and subsequent infrastructure failure can also incur significant financial costs and threaten human safety (Gregory, 2006) . Many studies have documented the impact of urbanization on stream channel erosion and its relationship to watershed characteristics, such as percentage impervious cover (Hawley and Bledsoe, 2013; Taniguchi and Biggs, 2015) and geology, slope, and land cover (Booth et al., 2010; Splinter et al., 2010) . Although watershed characteristics may predict channel enlargement in many cases, they may not be the only factors causing stream channel erosion. Local factors, such as proximity to hardpoints like road crossings or bridges, may also play an important role in channel erosion (Takken et al., 2008; Katz et al., 2014) and can lead to spatial variability in morphological adjustment (Chin and Gregory, 2001) . Road crossings can cause channel scour immediately downstream in watersheds in arid climates due to increased runoff from the road surface (Chin and Gregory, 2001 ) and increased flood peak flows from channelization have caused channel instability over 100 m downstream of such hardpoints (Brookes, 1987) . A mix of local factors such as channel realignment, concrete-lined channelization of some stream reaches, addition of culverts, and an input of anthropogenic debris into the channel, including wood, car parts, and pipes, have also contributed to the spatial variability in channel response to urbanization (Grable and Harden, 2006) .
Urbanization processes in developing countries may differ from those in developed countries in ways that have greater impact on stream channel erosion, including the patterns and rates of establishment of impervious surfaces and the types and construction sequence of channelization and drainage infrastructure. Unauthorized or 'irregular' developments account for a large fraction of the urban surface in many developing countries, including those within Latin America, Africa, and Asia (Davis, 2006) . Irregular developments may have less access to resources for infrastructure development, and the lack of a city-wide planning authority in such developments can cause spatially discontinuous infrastructure development (Balbo, 1993) , including channelization and drainage. Despite decades of research on urbanization and stream channel erosion, primarily in humid environments (see reviews by Chin, 2006 and Gregory, 2006) and more recently in arid environments (Chin and Gregory, 2001; Coleman et al., 2005; Hawley and Bledsoe, 2011; Hawley et al., 2012; Taniguchi and Biggs, 2015) , very few studies have been conducted in semi-arid climates in developing countries experiencing rapid population growth, unregulated urban development on erodible soils, and variable enforcement of environmental regulations. The US-Mexico border presents a laboratory for investigating the impact of development level on stream channel response to urbanization, as such impacts can be quantified for cities in the United States (San Diego, CA) and Mexico (Tijuana, BC). Los Laureles Canyon watershed (LLCW) in Tijuana, Mexico, serves as a classic example of a hydrologically-flashy watershed in semi-arid southern California, but is located in a developing nation that has unregulated urban development adjacent to the stream channel and uncoordinated in-channel structure development, including concrete-lined reaches and culverts, mixed with highly erodible earthen channels.
Traditional surveys of stream channels measure channel geometry at discrete locations, but such surveys are time consuming and may not adequately document the geometry of complex channels that change rapidly over short distances. Remote sensing techniques including three-dimensional (3-D) photo-reconstruction and Structure-from-Motion (SfM) photogrammetry can be used to create detailed digital elevation models (DEMs) with open-source, or freely available, software packages and require little training and equipment (James and Robson, 2012; Castillo et al., 2015) . Systematic errors such as vertical doming or the 'dome effect' can occur in SfM-derived DEMs, typically from near-parallel images acquired from unmanned aerial vehicles (UAVs) or inaccurate correction of radial lens distortion Chandler, 2008, 2011; James and Robson, 2014) . Doming errors can be mitigated by including more oblique images in the image network, the inclusion of additional ground control points, and/or utilization of a reliable camera model Chandler, 2008, 2011; James and Robson, 2014) . SfM photogrammetry techniques have been utilized in various geomorphic studies (James and Robson, 2012; Turner et al., 2012; Westoby et al., 2012; Gómez-Gutiérrez et al., 2014; Micheletti et al., 2014) and can be used to map and extract stream channel (Javernick et al., 2014; Dietrich, 2015; Prosdocimi et al., 2015) and gully dimensions (Castillo et al., 2012) .
Understanding the role of channel processes in watershed sediment budgets is vital for proper sediment management and mitigation (Walling and Collins, 2008) . A sediment budget provides a valuable framework for managers to identify key erosional sources, whether from the hillslope or channel, and to make informed decisions about upstream sediment reduction practices (Owens, 2005; Walling and Collins, 2008) . Detailed channel evaluations, such as that conducted in this study, can be used to identify the most vulnerable stream reaches and the magnitude and type of future instabilities for proper sediment mitigation practices (Simon and Downs, 1995) .
This study investigates urbanization and stream channel erosion in Tijuana, Mexico, through a mix of field topographic survey methods, including SfM photogrammetry and differential GPS, and a comparison of channel geometry to undeveloped and urbanized watersheds in southern California. The overall goal of this study is to quantify how channels respond to rapid urbanization and in-channel infrastructure development in a semi-arid region and developing country. More specifically, our research objectives are to: (1) utilize and validate Structure-from-Motion photogrammetry techniques to map channel morphology of highly enlarged stream reaches; (2) investigate how the type and magnitude of channel response to urbanization in Tijuana compare with urbanized areas in a neighboring developed country (San Diego, CA); (3) identify factors that impact channel change, including watershed characteristics such as impervious surface cover and local channel characteristics such as hardpoints; and (4) quantify the impact of channel erosion, including erosion downstream of hardpoints, on the sediment budget.
Study Area
Los Laureles Canyon watershed (LLCW) is a bi-national watershed (11.6 km 2 ) whose main channel flows from Tijuana, Mexico, under the US-Mexico border through culverts, and empties into the southern arm of the Tijuana Estuary (Figure 1 ). The Tijuana Estuary is located entirely in the United States, is one of the largest estuarine wetlands left in California, and provides vital habitat to an array of species (Weis et al., 2001) . The watershed contributing flow and sediment to the estuary includes the LLCW, two additional small watersheds, and the larger Tijuana River watershed (4400 km 2 ), which is approximately two-thirds in Mexico. Excessive erosion in LLCW has accelerated the rate of sedimentation in the Tijuana Estuary (Webber, 2010) , altering the natural ecosystem through the burial of vegetation, negatively affecting the native species and allowing exotic species to invade and thrive (Zedler and Norby, 1986) . Two large sediment traps were built in 2005 at the outlet of LLCW in the Tijuana Estuary to try to prevent sediment from entering the estuary (Figure 1 ), but millions of dollars are spent annually on trap excavation and in extreme wet years, traps can fill up and overflow. Excessive erosion in LLCW also poses a threat to the infrastructure and people living in the watershed, many of whom live adjacent to unstable stream channels or on steep, erodible slopes.
LLCW is hydrologically similar to many semi-arid watersheds in southern California with Mediterranean climate. The 30-year mean annual precipitation is 238 mm (PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu, created 7 July 2010) and the flow regime is flashy with infrequent but geomorphically-significant large flow events. LLCW lies on the highly erodible San Diego Formation, which consists of fine-to medium-grained, poorly indurated and loosely consolidated sandstone and cobbly conglomerate (Kennedy and Peterson, 1975) . Soils in the LLCW are classified as 'highly erodible' according to Hanson's soils classification diagram (Pinettes et al., 2011) , with critical shear stress ranging from 0.001 to 4.6 Pa and erodibility (k) ranging from 103 to 879 cm 3 N -1 s -1 (Gudino-Elizondo, unpublished data).The stream channel network includes concrete-lined and earthen reaches with ten in-channel structures or hardpoints, including concrete flumes and culverts. The channel network includes one main channel ('Main') and two tributaries in the southwest (SW) and southeast (SE) (Figure 1 ). During urban development in the watershed, vegetation on the hillslopes, floodplain, and the channel is routinely cleared, leaving large areas of exposed, erodible soils. During road grading, smaller channels are often filled in completely and reform during large flow events.
Reference or minimally disturbed channels were surveyed at Spring Canyon to serve as a baseline comparison with LLCW. Spring Canyon is located just north of the US-Mexico border, approximately 8 km northeast of LLCW, and is the only minimally developed (<3% impervious) watershed entirely on the San Diego Formation (Figure 1 ).
Methods
Channel cross-sectional area at capacity was surveyed at representative stream reaches using a mix of field methods including channel surveys utilizing a differential GPS (DGPS) and Structure-from-Motion (SfM) photogrammetry techniques. The combined dataset was used to develop regional channel geometry relationships and compared with regional relationships developed for southern California (Modrick and Georgakakos, 2014) and San Diego County (Taniguchi and Biggs, 2015) . The following subsections provide a further description of the methodology utilized in this study.
Channel cross-sections with differential GPS
The earthen stream channel network in LLCW was surveyed using differential GPS (Trimble Geo7X) at 39 representative locations, which were chosen based on changes in channel geometry, channel condition, and/or bed and bank composition over space. Although portions of the stream network were channelized with concrete, only the earthen, alluvial channels were included in this analysis. At each location, the channel cross-sectional area was surveyed with a differential GPS with sub-centimeter to 5 cm vertical accuracy, and cross-sectional area at channel capacity (A) was defined by the major break in slope between the defined channel and floodplain (Leopold, 1994) . The particle size distribution of the surficial bed material was measured using the Wolman (1954) pebble count method and channel stability was qualitatively assessed.
Structure-from-Motion photogrammetry surveys
Structure-from-Motion (SfM) photogrammetry was utilized to create detailed digital elevation models (DEMs) (Westoby et al., 2012; Castillo et al., 2015) for three highly enlarged stream reaches (hardpoint locations a, b, and c; see Figure 1 ) that were difficult to survey and had complex channel dimensions. The SW concrete flume reach was relatively long (400 m), and was split into two reconstructions. The reconstructed length of each reach is approximately 200 m (SW metal culvert), 300 m (SW concrete flume, downstream), 100 m (SW concrete flume, upstream) and 155 m (SE hardpoint). A minimum of ten 20 × 20 cm colored and numbered control markers were placed along the bed and banks of the channel for the entire reach length, including at minimum four error control points (ECPs), whose locations were surveyed with the differential GPS. A modified GoPro Hero3+ camera with a non-distortion lens with 4.14 mm focal length and f/3.0 aperture (Peau Productions, CA, USA, http://www. peauproductions.com/) was mounted to a telescoping painter's pole approximately 2-3 m long. The camera was set to timelapse capture mode (1 image per second) and images were acquired by slowly walking up and down the stream reach two times, first with the camera facing upstream and second with the camera facing downstream to ensure high degree of overlap between images and to minimize topographic shading effects (Castillo et al., 2015) .
The series of overlapping images was post-processed with freely available software packages to produce a 10 cm DEM: VisualSfM (Wu, 2013 (Wu, , 2015 , SfM_Georef (James and Robson, 2012) , and CloudCompare ('CloudCompare v2.5.5.2,' 2015). VisualSfM uses SfM and Multiview stereo (MVS) to automatically match image texture in various images and determine the 3-D geometry of a static environment (James and Robson, 2012) and was used to create the dense point clouds. For a subset of three out of four stream reaches, to account for potential doming effects, camera calibration was conducted using the Fraser distortion model on a calibration dataset in a freely available software package called MicMac (Deseilligny and Clery, 2011; Stöcker, 2015) and dense point clouds were reconstructed using the camera model and PMVS2 software (Furukawa and Ponce, 2010; James and Robson, 2012; Castillo et al., 2015) . The point clouds were georeferenced using SfM_Georef by manually identifying the GCPs in various images and transforming the point clouds from a relative coordinate system to the coordinate system of the GCPs (Castillo et al., 2015) . Each control point needs to be visible and identified in at least two images and a minimum of three GCPs are needed to georeference the entire point cloud. The ECPs were used only for the error analysis.
Following Castillo et al. (2015) , the georeferenced point clouds were filtered, merged, and converted to a 10 cm DEM using CloudCompare. A total of 18 cross-sections was extracted from the four DEMs in ESRI ArcMap 10.2 by drawing lines perpendicular to the channel centerline, and extracting the elevation from each DEM cell. Cross-sectional area at channel capacity was identified by plotting each cross-section and identifying the major change in slope between the channel bank and the floodplain. All extracted cross-sections had well-defined banks, making channel capacity easily identifiable.
Structure-from-Motion error analysis
The mean error (ME) and standard deviation of error were calculated for the horizontal (x and y) and vertical (z) dimensions for each point cloud (Table I ). The mean error (ME) at the ECPs ranges from -14 to 7 cm in the horizontal x-y dimensions and 1 to 2 cm in the vertical z dimension, with overall model mean error in the x-y-z dimensions from -2 to 2 cm (Table I ). The standard deviation of error for the ECPs ranges from 5 to 26 cm in the horizontal x-y dimensions and 3 to 13 cm in the vertical z dimension, with overall standard deviation of error in the x-y-z dimensions from 12 to 25 cm (Table I ). The subset of three camera-calibrated models has lower mean error (-0.5 to -0.9 cm) and standard deviation of error (2 to 7 cm) compared with the uncalibrated models, but all 16 extracted crosssections from the uncalibrated and calibrated models have near identical cross-sectional shape and areas, indicating that there are little to no systematic deformations or 'doming' in the uncalibrated SfM-derived DEMs. Areas showing elevation differences greater than ±0.5 m were typically located on the floodplain near the periphery of the models (Figure 2) . Two cross-sections extracted from the camera calibrated models had a slightly larger cross-sectional area (2 and 5% increase) compared with the uncalibrated extracted cross-sections, but the channel shape was the same for both.
The overall shape of the channel and cross-sectional area from the SfM-derived and differential GPS surveyed crosssections match well, from -4% to -16% difference, and show that 'A' derived from the uncalibrated SfM DEMs can be utilized with confidence ( Figure 3 ). At the three SW locations having both SfM and GPS derived cross-sections, 'A' from SfM is smaller than 'A' from the GPS, but errors are relatively small, with a mean percentage difference of -8%. Cross-sections extracted from SfM-derived DEMs may be more accurate than cross-sectional surveys with a differential GPS due to a higher density of topographic points represented in the 3-D models (Figure 3) . When surveying the stream channel with a differential GPS, elevation points were taken at major changes in the slope, but topographic features may be smoothed over and portions of the steep banks may be cut off (i.e. cut off left and right banks in Figure 3 (b 2 )) resulting in an overestimation in the cross-sectional area using a differential GPS or traditional survey methods. The cross-sectional comparison for the SE hardpoint was not made due to limited image overlap near the upstream end of the reach where the GPS cross-section was taken.
The largest errors in the 3-D models were found at the channel perimeter, due to the lower overlap between images and poorer convergence of perspectives. For future studies, if greater accuracies were pursued with a similar methodology, utilizing a low-cost pole with a camera and walking-pace photography, it would be advisable to calibrate the camera for each field survey with a specific image set (see recommendations in MicMac's manual, IGN 2017) and collect the images along both channel margins to ensure better overlap and perspectives on the periphery, preferably along the upstream direction where there is better perspectives of the channel.
SfM-derived DEMs in this study result in similar or lower errors in comparison with other studies on SfM applications of rivers and gullies, despite being a highly time-and cost-efficient approach. Riverscape mapping using SfM photogrammetry and overlapping imagery from an unmanned aerial vehicle (UAV) Table I . Mean error (ME) and standard deviation of error in the x, y, and z dimensions at the error control points (ECPs) and comparison of crosssectional areas from SfM and GPS from the SW reaches. A SfM is the DEM extracted cross-sectional area, A DGPS is the surveyed cross-sectional area, and Absolute Diff. is the absolute difference between A SfM and A DGPS . Locations a-c are labeled in Figure 1 Location (Dietrich, 2015) and with a helicopter as low as 10 cm vertical error (Javernick et al., 2014) . Ground-based SfM techniques used in this study may have lower errors due to the additional oblique camera angles in comparison to the nearparallel flight lines and viewing angles from UAV or aerial acquired images, which can lead to systematic deformations or vertical doming in the resulting DEMs (James and Robson, 2014; Dietrich, 2015) . UAV and ground-based methods have been combined to create low-error topographic models of gullies with accuracy of 1 cm (Stöcker, 2015) . Ground-based SfM photogrammetry techniques are a cost effective and accurate way to map river reaches that are free of vegetation, highly variable in channel dimensions, and difficult to survey with the traditional survey-level and rod or GPS.
Regional channel geometry curves and impervious surface cover
Studies investigating the impact of urbanization on stream channel geometry should ideally compare channel dimensions at discrete locations before, during, and after urbanization (Leopold, 1973) , but in many cases channel dimensions prior to urbanization are unknown. A space-for-time substitution method is used in this study to compare channels in urbanized watersheds (LLCW) to channels in undeveloped watersheds (San Diego and southern California) using regional channel geometry curves (Hammer, 1972; Chin and Gregory, 2001; Navratil et al., 2013; Taniguchi and Biggs, 2015) . Regional channel geometry curves (regional curves) were developed for LLCW using the surveyed cross-sectional data (N=39) and the SfM-derived cross-sections (N=18) combined. Regional curves relate channel cross-sectional area at capacity (A) to watershed area (A w ):
where A is in m 2 , A w is in km 2 , and α and β are coefficients (Dunne and Leopold, 1978) .
Regional reference curves, which served as the baseline under non-urban reference conditions for comparison with the LLCW channel survey, were taken from the literature for southern California (Modrick and Georgakakos, 2014) and San Diego County (Taniguchi and Biggs, 2015) supplemented by additional field surveys. Due to potential geological differences between the LLCW and the streams in the literature (Modrick and Georgakakos, 2014; Taniguchi and Biggs, 2015) , an additional reference curve was developed from a field survey conducted in Fall 2016 in Spring Canyon, which drains the same erodible San Diego Formation as LLCW (Figure 1) . In Spring Canyon, 10 channel cross-sections were surveyed with a differential GPS and had watershed areas ranging from 0.12 to 1.3 km 2 . For the San Diego County regional curves, watershed area ranged from 0.3 to 1,847 km 2 (Taniguchi and Biggs, 2015) . The channel enlargement ratio (ER) was calculated as A observed at LLCW divided by A predicted from the regional reference curves. The impact of the regional reference curve on the ER was determined by using both the San Diego County curve from Taniguchi and Biggs (2015) and the curve from Spring Canyon to calculate the ER for each cross-section in LLCW.
Percentage impervious cover (IC) was calculated for the watersheds draining to the surveyed cross-sections in LLCW from an updated 2003 vegetation-impervious-soil (VIS) map by . To account for the potential increase in impervious surfaces since 2003, Google Earth imagery from 2012 (Google Earth, 11/11/2012, 2016 DigitalGlobe) was used to update the 2003 VIS map. To do this, a land use map for 2012 was first generated by visual interpretation, on-screen digitizing and classification of the 2012 imagery into seven land use categories (agriculture, rangeland, paved urban, dispersed unpaved urban, urban unpaved, unpaved levelled land, and sediment trap). Land cover validation points (N=1000) were randomly generated within LLCW and the land cover from the 2012 imagery at each point was classified as either vegetation, impervious, or soil. To analyze the impact of hardpoints on downstream crosssectional area, the cross-sectional areas were plotted versus distance downstream from the watershed divide and stratified into two groups: within hardpoint influence (HP) and not within hardpoint influence (NHP). Cross-sections that were downstream of a hardpoint and enlarged were considered 'within hardpoint influence'. Downstream channel recovery distance, or the downstream distance of hardpoint-induced enlargement, was defined as the distance in which the channel recovers to the A upstream of the hardpoint and/or becomes stable, and was identified visually on the plot of downstream distance versus A. Downstream of the 10 hardpoints, there were 21 survey locations that were within hardpoint influence (HP). In the SW channel, the four downstream-most cross-sections near the confluence with the main channel had high errors in the GPS and were excluded from the analysis. Channel surveys conducted in 2009 (Biggs, unpublished data) were used instead of the high error cross-sections to determine downstream recovery distance for that reach, but were excluded from all other analyses. Based on field interpretation and image comparison of the four cross-sections between 2009 and 2014, there were no signs of channel erosion and no substantial change in cross-sectional area.
Regional curves were developed for both HP and NHP crosssections using linear regressions on the log-transformed variables. Statistical significance of the difference in slopes (β) and intercepts (α) of the HP, NHP, and reference regional curves were tested using analysis of covariance (ANCOVA) (Chaplin, 2005; Johnson and Fecko, 2008; Taniguchi and Biggs, 2015) . The San Diego County and southern California regional reference curves included channels from a wide range of drainage areas compared with the smaller drainage areas from LLCW. Channels draining larger watersheds could potentially alter the α and β values in the regional curves. A subset of channels with smaller drainage areas (A w < 15 km 2 ) from both San Diego County and southern California reference data was also used in the ANCOVA analysis to control for the potential impact of larger watersheds on the regional curve parameters.
Relative sediment contribution from channel erosion
The mass of sediment (tons) generated from channel erosion due to urbanization (M urban ) was calculated as:
where A LLCW i is the cross-sectional area (m 2 ) at LLCW survey location i, A ref i is the predicted cross-sectional area (m 2 ) prior to urbanization for survey location i, L i is the reach length for survey location i (m), ρ b is the estimated bulk density of the soil (1.67 tons/m 3 ), and 57 is the total number of earthen crosssections, including those surveyed with GPS and SfM. A ref i was estimated using both the reference curve from Spring Canyon, and from the reference curve for San Diego County for the given watershed area at survey location i (Taniguchi and Biggs, 2015) .
The mass of sediment (tons) generated from the ten hardpoints (M HP ) was calculated as:
where 10 is the total number of hardpoints (i) and n i is the total number of HP survey locations (j) at hardpoint i, A HP i, j is the cross-sectional area (m 2 ) for HP i at HP survey location j, A NHP i, j is the estimated cross-sectional area (m 2 ) not within hardpoint influence for HP i at HP survey location j, L i,j is the reach length (m) for HP i at HP survey location j, and ρ b is the estimated bulk density of the soil (1.67 tons/m 3 ). The total number of hardpoint survey locations is 21. A NHP i, j was locally estimated by linearly interpolating the nearest upstream A NHP to the nearest downstream A NHP . M urban and M HP were divided by the watershed mean time since the start of urbanization, to get the sediment load (t y -1 ) due to urbanization and hardpoints.
The sediment supply from channel erosion (M urban ) may be underestimated due to additional sediment supplied to the channel directly by residents of LLCW (Figure 4 ). Residents fill in channels with sediment and construction debris following rainfall events to try to prevent the channel from eroding their property. The added sediment is from grading of new development zones and debris from construction sites within LLCW and nearby areas. There is large uncertainty about the volume of fill sediment added to the channel, but field observation suggests that approximately 5-10% of the channel volume is filled with sediment annually, primarily in highly eroded stream reaches downstream of channel hardpoints.
Uncertainty may arise in the calculation of M urban and M HP due to potential errors in the surveyed cross-sections, volume estimation using the upstream cross-sectional area and reach length, mass of sediment added due to channel fill, and the regional curves used to estimate A ref and A NHP . Similar to Zhang et al. (2014) , cumulative probable error (PE) can be calculated to reflect the variabilities of all components used to estimate the mass of sediment generated due to urbanization and hardpoints:
where M DGPS and M SfM are the mass of sediment (tons) calculated from cross-sections surveyed with a DGPS and SfM photogrammetry, respectively, M LLCW is the total mass of sediment (tons) generated from LLCW, M curve is the mass of sediment (tons) estimated from the regional curves (SD reference for M urban or NHP curve for M HP ), E DGPS is the error for the mass calculation from cross-sections surveyed with a DGPS, E SfM is the error for the mass calculation from SfM-derived crosssections, and E curve is the standard error from the regional curve (SD reference or NHP) divided by the mean. E curve for the SD reference and NHP regional curves are 1.06 and 0.53, respectively. Three components of error associated with the DGPS-derived mass (E DGPS ) were squared and summed together, including the error from channel fill (0.05), relative error in the measurement of A DGPS (0.08), from the cross-sectional comparison of DGPS and SfM-derived cross-sections, and relative error in the reach volume calculation (0.01). Errors in the reach volume calculation primarily arise if there is sinuosity between surveyed cross-sections and/or cross-sectional variation within a given reach (Castillo et al., 2012) . Following Castillo et al. (2012) , relative error in the reach volume (E vol ) was calculated for a representative stream reach in the SW channel that was 60 m long where SfM photogrammetry was conducted, as:
where V p is the predicted reach volume calculated as the upstream cross-sectional area multiplied by reach length, and V o is the observed reach volume from the SfM-derived DEM using the cut and fill function in ArcGIS 10.5. In this study, the value for E vol was relatively low (0.01) because cross-sections were surveyed at representative stream reaches to minimize the impact of cross-sectional variation between survey locations and reach sinuosity is minimal. Similarly, E SfM included error from channel fill (0.05) and relative error in the reach volume calculation (0.01). The final values used for E DPGS and E SfM were 0.009 and 0.0026, respectively. The mass of sediment generated by channel erosion was compared with mean annual sediment yield from LLCW, based on annual tons of sediment excavated from the sediment traps at the outlet of LLCW in the Tijuana Estuary from 2006 to 2012. The total sediment yield from LLCW includes sediment retained in the trap, and sediment that was lost through the trap and entered into the estuary. The trap efficiency, or the proportion of the total sediment yield that is retained in the sediment trap, for medium sand, fine sand, silt, and clay was estimated by following the guidelines for sedimentation under turbulent, non-ideal conditions (Morris and Fan, 1998) . See Biggs et al. (2018) for trap efficiency equations and methods used to correct the annual total sediment yield from LLCW.
Results and Discussion

Regional curve comparison
Regional curves were developed for Spring Canyon reference channels and LLCW and compared to curves from the literature (Table II) . The regional curve for Spring Canyon is not statistically significant (P > 0.1; r 2 = 0.13) due to the small number of survey sites (n = 10) and small range of watershed sizes (0.1 to 1 km 2 ) but the curve has a statistically similar slope and intercept to southern California and San Diego County reference curves ( Figure 5 ; Table II ). Channels in Spring Canyon are geomorphically stable, with no signs of incision or instability of the banks. The regional curve for all cross-sections at LLCW is statistically significant (P < 0.001; r 2 = 0.22). The α value from the regional curve for LLCW (6.97) is significantly larger than all reference regional curves (P < 0.001), suggesting that channel cross-sectional area is significantly larger in Los Laureles Canyon than in reference channels for a given watershed area. All cross-sections surveyed in LLCW are larger than the predicted regional reference cross-sectional areas for southern California (Modrick and Georgakakos, 2014) , San Diego County (Taniguchi and Biggs, 2015) , and Spring Canyon for a given watershed area. The slope (β) from Los Laureles regional curve (0.76) is significantly larger (P < 0.01) than the β value from San Diego County (0.16) reference curve, but not significantly different (P > 0.1) from Spring Canyon (0.29) and southern California (0.387) reference curve β values.
LLCW cross-sections were split into two groups (HP and NHP) based on downstream recovery distance ( Figure 6 ) and regional curves were developed for each group (Table II) . Twenty one cross-sections are within hardpoint influence, with Table II . Regional curves for Los Laureles Canyon (this study), Spring Canyon (this study), San Diego County (Taniguchi and Biggs, 2015) and southern California (Modrick and Georgakakos, 2014) . A is crosssectional area (m downstream channel recovery distance varying from 50 to 230 m downstream of the channel hardpoint. Regional curves for HP and NHP locations (Table II; Figure 5 ) are statistically significant (P < 0.01) and the HP α value is statistically larger than the NHP α value (P < 0.05), indicating that channels downstream of hardpoints are significantly larger than channels that are not within the hardpoint influence distance downstream. Additionally, both HP and NHP curves have statistically larger α values (P < 0.001) compared with all reference curves. The α and β of the NHP regional curve for LLCW are statistically larger than the San Diego County reference curve, indicating that urbanization has led to channel erosion even without the downstream impact of hardpoints. In comparison with the San Diego County urban curve, the HP curve has statistically larger α (P < 0.01) and β (P < 0.05) values, while the NHP curve has a significantly larger β (P < 0.05). All ANCOVA results were the same using the subset of channels draining watersheds less than 15 km 2 for San Diego County and southern Figure 5 . Regional curve comparison of surveyed cross-sections at LLCW stratified by: within hardpoint influence distance (HP) and not within hardpoint influence distance (NHP); and regional curves developed for San Diego County urban watersheds (San Diego Urban) (Taniguchi and Biggs, 2015) and minimally developed watersheds in San Diego County (San Diego Reference) (Taniguchi and Biggs, 2015) , southern California (S.CA Reference) (Modrick and Georgakakos, 2014) , and the surveyed Spring Canyon reference cross-sections. California reference regional datasets. This indicates that the range of drainage area does not significantly impact the slope or intercept of the reference regional curves.
Spatial variability of downstream effects from hardpoints
Channel enlargement tends to decrease with increasing distance downstream from channel hardpoints in the SW and SE tributaries ( Figure 6 ) and varies spatially (Figure 7) . The SW concrete flume is a 50 m long concrete-lined rectangular stream reach, 3 m deep by 1.3 m wide, and shows a downstream channel recovery distance of 230 m with the channel stabilizing downstream of this distance threshold ( Figure 6 ). This stream reach is the most enlarged in the watershed with approximately 5 m of incision (Figure 7(b) ) and a scour hole immediately downstream of the structure. Incision and widening occurred beyond the dimensions of the concrete flume, which caused portions of the concrete sides to collapse (Figure 8 ). The small width-to-depth ratio of the structure may have created large water depths, which would have normally spread overbank but are now confined in the channel, causing higher channel velocities and downstream channel enlargement (Brookes, 1987) . The SW metal culvert also caused over 2 m of incision downstream (Figure 7(a) ). Downstream of the SE hardpoint there is over 1 m of incision with little channel widening, but the incision is confined to within a few meters of the hardpoint and did not propagate downstream (Figure 7(c) ). The most enlarged cross-sections are downstream of channel hardpoints, but not every hardpoint causes downstream instability. The upstream-most hardpoints in Main and SE are concrete-lined and drain into earthen channels but show little or no signs of downstream channel erosion. Due to the small drainage area (< 0.7 km 2 ) and potentially lower amounts of runoff to these non-enlarged cross-sections, the downstream impacts of hardpoints may be negligible. In the Main channel, two culverts beneath roads in San Bernardo, a neighborhood with massive gully erosion of the sandy dirt roads, show little signs of enlargement downstream of them (Figure 7(d) ). High amounts of sediment supply from the hillslopes may account for the lack of channel erosion downstream of hardpoints in San Bernardo, but the mechanisms resulting in the stable cross-sections are unknown.
Many studies on the impacts of hardpoints on channel morphology focus on the upstream migration of headcuts (Schumm et al., 1984) or local scour holes downstream of hydraulic structures (Bormann and Julien, 1991; Hoffmans and Pilarczyk, 1995) . For the channel evolution model developed for southern California urban streams (Hawley et al., 2012) , the importance of hardpoints and upstream propagation of headcuts were highlighted, but did not stress the downstream impact of hardpoints, although they acknowledge that downstream scour may occur. Road crossings have caused downstream channel scour in ephemeral stream channels in Arizona, resulting in channels that were deeper and narrower than channels upstream of the road crossings (Chin and Gregory, 2001) . Hardpoints in LLCW, in contrast, cause both incision and widening in the downstream direction for up to 230 m, creating persistent enlargement beyond the local scour holes. Brookes (1987) documented similar downstream impacts of hardpoints and found that the downstream effects from channelization varied between 120 and 1952 m, but downcutting was mainly observable immediately downstream of the channelization (i.e. within 135 m). Hardpoints in highly erodible, hydrologically flashy environments have the potential to cause major downstream enlargement, especially in areas with urban settlements adjacent to the stream channel.
Impervious cover and channel enlargement
Channel enlargement varied widely for a given watershed impervious cover percentage (IC) (Figure 9 ), indicating that IC may not be a good predictor of enlargement and is not the main factor contributing to spatial variability in channel enlargement. Although an increase in IC typically results in a decrease in sediment supply to the stream system, this may not always be the case in developing countries. In LLCW, some areas that had the highest impervious cover (IC>30%) also contained large proportions of unpaved roads and bare hillslopes. Despite the increase in IC during urbanization, channels can stay the same or even aggrade if there is sufficient sediment supply from upstream or from hillslopes. In Tijuana, only the oldest urban areas (>40 years) have a high percentage of impervious cover . The developed areas near the outlet of LLCW that have been urbanized for more than 45 years have a significantly larger proportion of paved roads in comparison with newly urbanized areas. However, channel erosion is not a problem in the older urban areas, despite the higher proportions of impervious cover, because the stream channels have also been channelized and paved over with concrete for nearly 4 km of stream length (Figure 1) .
Channel cross-sectional area downstream of hardpoints is up to 64 times larger than the predicted cross-sectional area under reference conditions for LLCW and up to 32 times larger than the enlargement predicted for San Diego County urban streams. All of the cross-sections that have enlargement ratios larger than 25 (n = 9) are impacted by hardpoints. Although hillslope sediment supply rates were not quantified in this study, hardpoints may cause the most enlargement in areas where the unpaved roads are compacted and cobbly and therefore generate less sediment (i.e. the SW and SE). The cobbly, compacted roads may also have lower infiltration rates and could potentially generate higher volume and velocity of runoff compared with the less-consolidated, sandy dirt roads in San Bernardo.
Channels in Tijuana may start to erode with lower proportions of impervious cover compared with San Diego County urban channels (Taniguchi and Biggs, 2015) , despite similar rainfall patterns, due to the lack of riparian and bank vegetation in urban areas of LLCW. Urbanization in Tijuana is characterized by the clearing and levelling of land, but in contrast to developed countries, urban settlements are often built within meters of the stream channel, leaving little, if any, room for a riparian buffer zone between the channel and the urban development. Locally, riparian and bank vegetation can create added roughness to the channel boundary and floodplain, which increases flow resistance and decreases near-bank velocities and shear stresses exerted on the banks, promoting sediment deposition and channel accretion (Hickin, 1984; Clifton, 1986; Rhoads, 1992; Friedman et al., 1996) . The lack of a riparian zone and bank vegetation can lead to stream channel erosion, as well as degradation to the ecological well-being of the river system (Boothroyd et al., 2004) .
Sediment generation from channel erosion
The amount of sediment generated from urban-induced channel erosion is approximately 143 000 and 144 000 tons, or 8400 to 8500 t y -1 , based on the mean time since the start of urbanization for the entire watershed (17 years). The estimate of urban-induced channel erosion is based on the assumption that the pre-development cross-sections at LLCW followed the same regional reference curves as those from San Diego County (Taniguchi and Biggs, 2015) and Spring Canyon. This channel erosion estimate does not account for the timing and interactions among storm events, urbanization, and channel erosion, and instead represents the long-term mean rate of erosion from channels that we use to compare with rates of total sediment load observed at the outlet of the watershed. Channel erosion due to hardpoints (~3000 t y -1 ), accounts for more than 1/3 of the total sediment contribution from channel erosion. Cumulative probable error (PE) for M urban and M HP are 0.11 and 0.09, respectively.
The channel contribution (M urban ) based on a channel survey conducted in 2009 was approximately 183 000 tons, which is larger than what we estimated from this study (143 000-144 000 tons), primarily due to the fact that a large portion of the Main channel that was earthen and highly eroded in 2009 was channelized and lined with concrete by the time of the 2014 survey. Concrete lined channels, although they may have supplied sediment prior to channelization, are excluded from this analysis and assumed to have zero contribution to the overall sediment budget. If we assume that 5-10% of the entire channel volume is filled by residents and eroded away every year, we estimate an added sediment supply of approximately 7000 to 14 000 t y -1 , which more than doubles the channel erosion rate to 15 400 to 22 500 t y -1 . The average annual sediment yield from the entire LLCW, based on measured annual sediment excavated from the Los Laureles sediment traps at the outlet from 2006 to 2012 and corrected for trap efficiency, is approximately 58 000 t y -1 or 5000 t km -2 y -1
. Depending on the estimate of channel fill, channel erosion accounts for 25 to 40% of the total sediment budget for the watershed, which implies that the contribution of hillslope sediment supply is substantial (60-75%) in LLCW. Infrastructure failure, such as broken water main pipes, cause large gullies to form on the hillslopes and could be a significant source of sediment in LLCW. Trimble (1997) found that channel erosion accounted for more than 2/3 of the total sediment budget in an urbanized watershed in southern California, which may be due to high amounts of impervious surfaces and low hillslope sediment supply. In developing countries, large fractions of bare soil persist for decades following urbanization, and the soil fraction decreases only slightly from newly urbanized areas to areas that have been urbanized for up to 40 years . Given that LLCW has only been urbanized for 17 years on average, hillslope sediment supply from unpaved roads may be the dominant source of sediment for decades to come.
Conclusion
Urbanization and channel structures have led to extreme channel enlargement in the rapidly urbanizing Los Laureles Canyon watershed in Tijuana, Mexico. Channel cross-sectional area for a given watershed area were significantly larger in Los Laureles Canyon compared with reference channels. Impervious cover in the watershed doubled within a 9-year time period. Although percentage impervious cover is typically a good indicator of channel enlargement (Coleman et al., 2005; Hawley and Bledsoe, 2013) , impervious cover was a poor predictor of channel enlargement in LLCW and is not the only variable for explaining spatial variability in channel enlargement in a rapidly developing watershed like Los Laureles Canyon. Local channel hardpoints have caused channel enlargement of up to 64 times the predicted cross-sectional area under reference conditions and have caused enlargement for up to 230 m downstream. Additionally, the lack of a riparian buffer zone and bank vegetation in urbanized areas could decrease flow resistance and reduce channel stability.
Channel erosion accounts for approximately 25-40% of the total sediment yield from Los Laureles Canyon, with erosion downstream of channel hardpoints contributing more than one-third of all channel erosion. Channels downstream of hardpoints should be stabilized to prevent increased inputs of sediment to the Tijuana Estuary and local hazards near the structures, especially in areas with urban settlements near the stream channel. If the erosion is allowed to continue, bank failure can cause homes or bridges to collapse, channels can erode into adjacent dirt roads, and infrastructure damage, such as water main breaks, can occur. Future studies on the sediment budget of the watershed and modelling the impact of land use changes and management practices, such as road paving, on flooding, channel erosion, and sediment loadings to downstream ecosystems can help managers make informed decisions on erosion and sediment mitigation practices.
